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1
PRODUCTION METHOD OF A CAPACITOR

CROSS REFERENCE TO THE RELATED
APPLICATIONS

This 1s an application filed pursuant to 35 U.S.C. Section

111(a) with claiming the benefit of U.S. Provisional applica-
tion Ser. No. 60/513,590 filed Oct. 24, 2003 under the provi-

sion of 35 U.S.C. Section 111(b), pursuant to 35 U.S.C.
Section 119(e)(1).

TECHNICAL FIELD

The present invention relates to a method for producing a
capacitor having a good capacitance appearance factor and

low ESR.

BACKGROUND ART

A capacitor used 1n a circuit associated with the central
processing unit (CPU) 1n personal computers and the like 1s
required to have high capacitance and low ESR (equivalent
series resistance) 1 order to prevent the fluctuation of voltage
and reduce the generation of heat at the passing of a high
ripple current. In general, an aluminum or tantalum solid
clectrolytic capacitor 1s used.

The solid electrolytic capacitor 1s constituted by an alumi-
num foil having fine pores 1n the surface layer or a tantalum
powder sintered body having fine pores 1n the inside, which 1s
serving as one electrode (electric conductor), a dielectric
layer formed on the surface layer of the electrode, and the
other electrode (usually a semiconductor layer) provided on
the dielectric layer.

The ratio of the semiconductor layer formed on the dielec-
tric layer 1s indicated by impregnation ratio, which 1s defined
as a ratio (percentage) of the capacitance when a semicon-
ductor layer 1s formed, assuming that the capacitance appear-
ing when an electrolytic solution 1s impregnated 1n place of a
semiconductor 1s 100%.

One of the methods for forming a semiconductor layer on
the dielectric layer 1s a method of forming a semiconductor
layer by energization. For example, a method of forming a
semiconductor layer comprising a metal oxide by passing a
direct current (Japanese Patent No. 1,985,056), a method of
obtaining a semiconductor layer comprising an electrically
conducting compound by passing an alternating current
(Japanese Patent No. 2,826,341), or a method of obtaining a
semiconductor layer comprising an electrically conducting
polymer by contacting a separately prepared external elec-
trode on a previously-provided chemical polymerization

layer and by passing a direct current (Japanese Patent No.
1,988,457).

BRIEF DESCRIPTION OF THE DRAWING

The figure shows a capacitor 1n accordance with the mven-
tion, including anode 1, dielectric layer 2 and cathode 3.

DISCLOSURE OF THE INVENTION

According to the methods of Japanese Patent Nos. 1,983,
056 and 2,826,341, good ESR may be obtained, but a long
time 1s necessary to form a semiconductor layer and the
impregnation ratio cannot be increased within a normal time.

The method of Japanese Patent No. 2,826,341 1s disadvan-
tageous 1n that counter electrodes are necessary for simulta-
neously forming semiconductor layers on multiple electric
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conductors on an industrial scale and the semiconductor layer
attaches also to the counter electrodes.

The method of Japanese Patent No. 1,988,457 1s disadvan-
tageous 1n that when applied to the case of simultaneously
forming semiconductor layers on multiple electric conduc-
tors, 1n the case where the chemical polymerization layer 1s
thin, the semiconductor layer must be rendered thick by ener-
gization, but due to energization from an external electrode,
the semiconductor layer formed on the electric conductor
surface layer assembly inhibits the semiconductor layer-
forming precursor from diffusing into the pore inside of the
clectric conductor and some semiconductor layers cannot be
successiully formed by energization, whereas in the case
where the chemical polymerization layer 1s thick, the semi-
conductor layer tends to be easily formed by energization, but
a good ESR value 1s not obtained because a thick chemical
polymerization layer 1s formed.

Accordingly, a method for producing a capacitor improved
ESR and increased 1n capacitance 1s demanded.

As a result of intensive mvestigations to solve those prob-
lems, the present inventors have found that such problems can
be overcome by impregnating pores with a semiconductor
layer-forming precursor before energization to render the
concentration of semiconductor layer-forming precursor in
pores higher than that of semiconductor layer-forming pre-
cursor 1n an electrolytic solution and 1n this state, by passing
a current in the electrolytic solution. The present mvention
has been accomplished based on this finding.

That 1s, the present invention relates to the following pro-
duction method of a capacitor and also to a capacitor pro-
duced by the production method.

1. A method for producing a capacitor comprising, as one
clectrode (anode), an electric conductor having pores and
having formed on the surface thereotf a dielectric layer and, as
the other electrode (cathode), a semiconductor layer formed
on the electric conductor by energization 1n an electrolytic
solution, the method comprising impregnating pores with a
semiconductor layer-forming precursor before energization
to render the concentration of semiconductor layer-forming
precursor 1n pores higher than that of semiconductor layer-
forming precursor in the electrolytic solution.

2. The method for producing a capacitor as described 1n 1
above, wherein the electrolytic solution 1s an electrolytic
solution not containing a semiconductor layer-forming pre-
CUrsof.

3. The method for producing a capacitor as described in 1
above, wherein the electric conductor 1s at least one member
selected from a metal, an inorganic semiconductor, an organic
semiconductor and carbon or a mixture thereof.

4. 'The method for producing a capacitor as described in 1
above, wherein the electric conductor 1s a laminated body
having, as the surface layer, at least one member selected
from a metal, an inorganic semiconductor, an organic semi-
conductor and carbon, or a mixture thereof.

5. The method for producing a capacitor as described 1n 3
or 4 above, wherein the electric conductor 1s a metal or alloy
mainly comprising at least one member selected from tanta-
lum, niobium and aluminum, or a niobium oxide.

6. The method for producing a capacitor as described 1n any
one of 1 to 5 above, wherein the electric conductor 1s tantalum
having a CV value of 100,000 uF-V/g or more.

7. The method for producing a capacitor as described 1n any
one of 1 to 5 above, wherein the electric conductor 1s niobium
having a CV value of 150,000 uF-V/g or more.

8. The method for producing a capacitor as described 1n any
one of 1 or 3 to 7 above, wherein the electric conductor has a
size of 5 mm"” or more.

1n
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9. The method for producing a capacitor as described in any
one of 1 or 3 to 8 above, wherein the electric conductor has a
to1l shape and the depth of pore formed by etching 1s 200 um
Or more.

10. The method for producing a capacitor as described 1n 1
above, wherein the dielectric layer mainly comprises at least

one member selected from metal oxides such as Ta,O.,
Al,O,, T10, and Nb,O..

11. The method for producing a capacitor as described 1n 1
or 2 above, wherein the semiconductor layer-forming precur-
sor 1s at least one member selected from an aniline derivative
(raw material of polyaniline), a phenol dervative (raw mate-
rial of polyoxyphenylene), a thiophenol derivative (raw mate-
rial of polyphenylene sulfide), a thiophene derivative (raw
materal ol polythiophene), a furan derivative (raw material of
polyturan) and a pyrrole denvative (raw material of polypyr-
role or polymethylpyrrole).

12. The method for producing a capacitor as described in
11 above, wherein the semiconductor layer-forming precur-
sor 1s pyrrole or 3,4-ethylenedioxythiophene.

13. The method for producing a capacitor as described 1n 1
or 2 above, wherein the semiconductor layer-forming precur-
sor 1s a compound which 1s oxidized or reduced by energiza-
tion and becomes an morganic semiconductor.

14. The method for producing a capacitor as described 1n 1
above, wherein the semiconductor layer 1s at least one mem-
ber selected from an organic semiconductor layer and an
inorganic semiconductor layer.

15. The method for producing a capacitor as described in
14 above, wherein the organic semiconductor 1s at least one
member selected from an organic semiconductor comprising,
benzopyrroline tetramer and chloranil, an organic semicon-
ductor mainly comprising tetrathiotetracene, an organic
semiconductor mainly comprising tetracyano-quin-
odimethane, and an organic semiconductor mainly compris-
ing an electrically conducting polymer obtained by doping a
dopant into a polymer containing a repeating unit represented
by the following formula (1) or (2):

(1)

R/ R?
X
|
RS
B _ (2)
R! RZ
X S I
|
RS
R’ R*

wherein R' to R* each independently represents a hydrogen
atom, an alkyl group having from 1 to 6 carbon atoms or an
alkoxy group having from 1 to 6 carbon atoms, X represents
an oxygen atom, a sulfur atom or a nitrogen atom, R° is
present only when X 1s a nitrogen atom, and represents a
hydrogen atom or an alkyl group having from 1 to 6 carbon
atoms, and each of the pairs of R' and R*, and R~ and R* may
combine with each other to form a cyclic structure.

16. The method for producing a capacitor as described in
15 above, wherein the electrically conducting polymer con-
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taining a repeating unit represented by formula (1) 1s an
clectrically conducting polymer containing a structure unit
represented by the following formula (3) as a repeating unait:

(3)

wherein R° and R’ each independently represents a hydrogen
atom, a linear or branched, saturated or unsaturated alkyl
group having from 1 to 6 carbon atoms, or a substituent for
forming at least one 5-, 6- or 7-membered saturated hydro-
carbon cyclic structure containing two oxygen atoms when
the alkyl groups are combined with each other at an arbitrary
position, and the cyclic structure includes a structure having a
vinylene bond which may be substituted, and a phenylene
structure which may be substituted.

1'7. The method for producing a capacitor as described 1n
16 above, wherein the electrically conducting polymer 1is
selected from polyaniline, polyoxyphenylene, polyphe-
nylene sulfide, polythiophene, polyfuran, polypyrrole, poly-
methylpyrrole, and substitution derivatives and copolymers
thereof.

18. The method for producing a capacitor as described 1n
1’7 above, wherein the electrically conducting polymer 1s
poly(3,4-ethylenedioxythiophene).

19. The method for producing a capacitor as described 1n
14 above, wherein the inorganic semiconductor 1s at least one
compound selected from molybdenum dioxide, tungsten
dioxide, lead dioxide and manganese dioxide.

20. The method for producing a capacitor as described 1n
any one of 14 to 19 above, wherein the electrical conductivity
of the semiconductor is from 107* to 10° S/cm.

21. A capacitor produced by the production method
described in any one of 1 to 20 above.

22. The capacitor as described in 21 above, wherein the
impregnation ratio of the semiconductor 1s 90% or more.

23. An electronic circuit using the capacitor described in 21
or 22 above.

24. An electronic device using the capacitor described in 21
or 22 above.

Embodiments of the production method of a capacitor and
the capacitor of the present invention are described below.

Examples of the electric conductor for use in the present
invention include at least one member selected from a metal,
an 1morganic semiconductor, an organic semiconductor and
carbon, a mixture thereof, and a laminated body obtained by
stacking such an electric conductor as the surface layer.

Examples of the metal for use in the present imnvention
include a metal or alloy mainly comprising at least one mem-
ber selected from tantalum, niobium and aluminum.

Examples of the morganic semiconductor include metal
oxides such as lead dioxide, molybdenum dioxide, tungsten
dioxide, niobium monoxide, tin dioxide and zirconium mon-
oxide. Examples of the organic semiconductor include elec-
trically conducting polymers such as polypyrrole, poly-
thiophene, polyaniline and substitution product or copolymer
having such a polymer backbone, and low molecular com-
plexes such as complex of tetracyanoquinodimethane and
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tetrathiotetracene, and tetracyanoquinodimethane (TCNQ)
salt. Examples of the laminated body obtained by laminating
an electric conductor as the surface layer include laminated
bodies where the above-described electric conductor 1s lami-
nated on paper, insulating polymer, glass or the like.

In the case of using a metal as the electric conductor, for the
purpose ol improving the capacitor properties, for example,
for reducing the LC value, the metal may be used after sub-
jecting a part thereof to at least one treatment selected from
carbidation, phosphation, boronation, nitridation and sulfida-
tion.

The electric conductor 1s not particularly limited in its
shape and may have a foil-, plate- or bar-like shape or an
clectric conductor 1n a powder form may be used after shap-
ing i1t or shaping and then sintering it. Also, the electric con-
ductor may be subjected to a surface treatment such as etching
to have fine pores. In particular, a powder electric conductor
in the form of a sintered body and an electric conductor
surface-treated to have fine pores and thereby increased in the
surface area are preferred because the capacitance per unit
volume of the capacitor 1s increased. In the case of shaping or
shaping and then sintering a powder electric conductor, fine
pores can be provided inside the shaped or sintered electric
conductor by appropriately selecting the pressure at the shap-
ng.

The method of the present mnvention 1s eflective particu-
larly when applied to an electric conductor which 1s ditficult
to be impregnated with the semiconductor, that 1s, an electric
conductor having fine pores with a large-depth. For example,
as for the electric conductor having a sintered body shape, the
method of the present invention 1s effective when applied to
an electric conductor having a size of 5 mm> or more and
having a CV value (product of capacitance and electrochemai-
cal voltage when measured with an electrolytic solution) of
100,000 uF-V/g or more 1n the case of a sintered body of a
tantalum metal powder material or having a CV value of
150,000 uF-V/g or more 1n the case of a sintered body of a
niobium metal powder material. As for the electric conductor
having an etched foil shape, the method of the present inven-
tion 1s effective when applied to an electric conductor having,
a CV value of 1,000 uF-V/cm” or more where pores having a
depth of 200 um or more are produced by etching.

It 1s possible to directly connect an outgoing lead wire to
the electric conductor. In the case of shaping or shaping and
then sintering a powder electric conductor, a part of a sepa-
rately prepared outgoing lead (lead wire or lead fo1l) may be
shaped together with the electric conductor and the outgoing
lead outside the shaped portion may be used as the outgoing
lead of one electrode of the capacitor.

Examples of the dielectric layer formed on the surface of
the electric conductor of the present mvention include a
dielectric layer mainly comprising at least one member
selected from metal oxides such as Ta,O., Al,O,, T10, and
Nb,O., or a dielectric layer conventionally known 1n the field
ol ceramic capacitors or film capacitors. In the case of the
tormer dielectric layer mainly comprising at least one mem-
ber selected from metal oxides, when the dielectric layer 1s
formed by electrochemically forming an electric conductor
having a metal element of the metal oxide 1n an electrolytic
solution containing a mineral acid or an organic acid, the
obtained capacitor becomes an electrolytic capacitor having a
polarity. Examples of the dielectric layer conventionally
known 1n the field of ceramic or film capacitors include
dielectric layers described 1n JP-A-63-29919 (the term “JP-
A’ as used herein means an “unexamined published Japanese
patent application”) and JP-A-63-3491°/. The dielectric layer
mainly comprising at least one member selected from metal
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oxides or the dielectric layer conventionally known 1n the
field of ceramic or film capacitors may be used by laminating
a plurality of these layers. Also, the dielectric layer may be a
mixture of the dielectric layer mainly comprising at least one
member selected from metal oxides and the dielectric layer
conventionally known 1n the field of ceramic or film capaci-
tors.

On the dielectric layer, a semiconductor layer 1s formed by
energization 1n an electrolytic solution and used as the other
clectrode. In the present mvention, 1t 1s important as a pre-
treatment for increasing the degree of forming a semiconduc-
tor layer to impregnate pores with a semiconductor layer-
forming precursor before energization and render the
concentration of semiconductor layer-forming precursor in
pores higher than that of semiconductor layer-forming pre-
cursor 1n the electrolytic solution.

The semiconductor layer-forming precursor 1s a raw mate-
rial substance which becomes a semiconductor by energiza-
tion. For example, in the case of an organic semiconductor
which 1s described later, this 1s a raw material monomer or
oligomer and 1n the case of an inorganic semiconductor, a
compound which 1s oxidized or reduced by energization and
becomes an morganic semiconductor. Two or more kinds of
semiconductor layer-forming precursors may be used. Also,
one or more dopant which 1s described later (for example, a
known dopant such as arylsulfonic acid or its salt, alkylsul-
fonic acid or 1ts salt, various polymer sulfonic acids or salts
thereof, and a compound having the above-described sub-
stituent) may be added together with the semiconductor
layer-forming precursor.

Examples of the methods for impregnating the pores of an
clectric conductor having formed on the surface thereof a
dielectric layer with the semiconductor layer-forming precur-
sor include amethod of impregnating with a solution obtained
by dissolving the semiconductor layer-forming precursor in
an appropriate solvent. After impregnation, the electric con-
ductor 1s left standing 1n air or dried to arbitrarily control the
amount of solvent, whereby the concentration of semicon-
ductor layer-forming precursor in pores of the electric con-
ductor can be rendered high. The solvent may be completely
dissipated. In the case where the semiconductor layer-form-
ing precursor 1s a liquid at room temperature or when heated,
the pores may be impregnated with the liquid wherein the
solvent 1s completely dissipated.

In conventional methods of forming a semiconductor layer
by energization 1n an electrolytic solution, the concentration
of semiconductor layer-forming precursor in pores of the
clectric conductor 1s almost equal to the concentration of
semiconductor layer-forming precursor in the electrolytic
solution, because the electric conductor 1s dipped 1n an elec-
tric solution having dissolved therein the semiconductor
layer-forming precursor and then a current 1s passed. How-
ever, as described above, in the present invention pores are
impregnated with the semiconductor layer-forming precursor
to a high concentration before energization and therefore, the
concentration of semiconductor layer-forming precursor in
pores 1s higher than the concentration of semiconductor
layer-forming precursor in the electrolytic solution. When a
semiconductor layer 1s formed by energization 1n the state
that the concentration of semiconductor layer-forming pre-
cursor 1n pores of the electric conductor 1s higher, the semi-
conductor 1s formed 1n pores 1n a larger amount as compared
with conventional methods, as a result, the impregnation ratio
ol the semiconductor in the produced capacitor can be suc-
cessiully as high as 87% or more, preferably 90% or more.

In the case of simultaneously forming semiconductor lay-
ers on multiple electric conductors on an industrial scale,
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water 1s used for the solvent of the electrolytic solution by
taking account of safety such as no occurrence of fire at
energization, and the method of the present invention can
exert a great effect at the time of using a semiconductor
layer-forming precursor having a low solubility 1n water, for
example, a precursor for forming an organic semiconductor.
In one example, when a semiconductor layer comprising an
clectrically conducting polymer 1s formed by using a mono-
mer such as pyrrole or 3,4-ethylenedioxythiophene, the solu-
bility of monomer 1n water 1s relatively low. In such a case, the
monomer 1s previously dissolved 1n a solvent such as alcohol
in which the monomer has high solubility, and pores of the
clectric conductor are impregnated with the solvent before
energization, and the alcohol 1s then dissipated to allow a
large amount of monomer to remain 1n pores, and the semi-
conductor layer 1s subsequently formed by energization 1n an
clectrolytic solution using water as the solvent, whereby a
semiconductor layer having a good impregnation ratio can be
formed.

Examples of the semiconductor formed by energization
alter impregnating pores with a semiconductor layer-forming
precursor 1n advance of energization include at least one
compound selected from an organic semiconductor and an
iorganic semiconductor 1s used.

Specific examples of the organic semiconductor include an
organic semiconductor mainly comprising an electrically
conducting polymer obtained by doping a dopant to a poly-
mer containing a repeating unit represented by the following,

formula (1) or (2):

(1)

R/ R?
X
|
RS
B B (2)
R! RZ
X e —
|
RS
R’ R*

wherein R' to R* each independently represents a hydrogen
atom, an alkyl group having from 1 to 6 carbon atoms or an
alkoxy group having from 1 to 6 carbon atoms, X represents
an oxygen atom, a sulfur atom or a nitrogen atom, R> is
present only when X 1s a nitrogen atom, and represents a
hydrogen atom or an alkyl group having from 1 to 6 carbon
atoms, and each of the pairs of R* and R*, and R~ and R* may
combine with each other to form a ring.

The electrically conducting polymer containing a repeat-
ing unit represented by formula (1) for use 1n the present
invention 1s preferably an electrically conducting polymer
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containing a structure unit represented by the following for-
mula (3) as a repeating unit:

(3)

wherein R® and R each independently represents a hydrogen
atom, a linear or branched, saturated or unsaturated alkyl
group having from 1 to 6 carbon atoms, or a substituent for
forming at least one 3-, 6- or 7-membered saturated hydro-
carbon cyclic structure containing two oxygen atoms when
the alkyl groups are combined with each other at an arbitrary
position. The cyclic structure includes a structure having a
vinylene bond which may be substituted, and a phenylene
structure which may be substituted.

The electrically conducting polymer containing such a
chemical structure i1s electrically charged and a dopant is
doped therein. The dopant 1s not particularly limited and a
known dopant can be used.

Examples of the polymer containing a repeating unit rep-
resented by formulae (1) to (3) include polyaniline, polyox-
yphenylene, polyphenylene sulfide, polythiophene, polyiu-
ran, polypyrrole, polymethylpyrrole, and substitution
derivatives and copolymers thereof. Among these, preferred
are polypyrrole, polythiophene and substitution derivatives
thereof (e.g., poly(3,4-ethylenedioxythiophene)).

Examples of the polymer semiconductor layer-forming
precursor containing a repeating unit represented by formulae
(1) to (3) include an aniline dertvative, a phenol dervative, a
thiophenol dervative, a thiophene derivative, a furan deriva-
tive and a pyrrole derivative. Among these, preferred are
pyrrole, 1-methylpyrrole, 3-methylpyrrole and 3,4-ethylene-
dioxythiophene.

Specific examples of the imnorganic semiconductor include
at least one compound selected from molybdenum dioxide,
tungsten dioxide, lead dioxide and manganese dioxide, eftc.
Specific examples of the inorganic semiconductor layer-
forming precursors include lead acetate, manganese acetate,
sodium molybdate and sodium tungstate.

When the organic or inorganic semiconductor used has an
electrical conductivity of 107 to 10° S/cm, the capacitor
produced can have a small ESR value and this 1s preferred.

The above-described semiconductor layer 1s formed by
pure chemical reaction (solution reaction, gas phase reaction
or a combination thereol) without performing an energization
operation, formed by energization or formed by a combina-
tion of these methods, but 1n the present invention, energiza-
tion 1s employed at least once 1n the process of forming the
semiconductor layer.

One example of the method for forming this semiconduc-
tor layer on the electric conductor 1s described below. The
clectric conductor impregnated with a semiconductor layer-
forming precursor 1s dipped 1n a separately prepared semi-
conductor layer-forming solution and by using the electric
conductor as the anode or by disposing an external electrode
in contact with or 1n the vicinity of the electric conductor and
using 1t as the anode, a current 1s passed to a cathode plate
disposed 1 the semiconductor layer-forming solution,
whereby the semiconductor layer 1s formed. The energization
method includes a constant voltage method, a constant cur-
rent method and a combination thereof, but in the case of
forming semiconductor layers by simultaneously passing a
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current to multiple electric conductors, a constant current
method 1s preferred because the semiconductor layer can be
stably formed.

The energization time and predetermined current value
vary depending on, for example, the kind, size and density of
the electric conductor used, the kind and thickness of the
dielectric layer formed, or the kind of the semiconductor layer
formed and therefore, these are determined by performing a
preliminary experiment. As one technique for the preliminary
experiment, the advisability of the predetermined constant
current value can be judged by controlling the mass of the
semiconductor layer. Examples thereof include a method of
previously plotting the mass of semiconductor against ener-
gization time at respective constant current values and select-
ing the constant current value when the plot reaches a satu-
rated value and the mass of the semiconductor becomes
maximum.

When a constant current method 1s used, the initial voltage
value at the energization 1s a value determined by the prede-
termined constant current value. In the case of forming a
dielectric layer by the above-described electrochemical for-
mation, the initial voltage value sometimes exceeds the elec-
trochemical formation voltage.

A current 1s passed to the semiconductor layer-forming
solution in which raw materials working out to the semicon-
ductor after energization and, 1f desired, the above-described
dopant ({or example, a known dopant such as arylsulfonic
acid or 1ts salt, alkylsulfonic acid or 1ts salt, various polymer
sulfonic acids or salts thereof, and a compound having the
above-described substituents) are dissolved, whereby the
semiconductor layer 1s formed on the dielectric layer.

In the present invention, pores of the electric conductor can
be impregnated with the semiconductor layer-forming pre-
cursor to a high concentration before energization and there-
fore, raw materials working out to the semiconductor may not
be necessarily contained 1n the semiconductor layer-forming,
solution.

As for the temperature and pH of the semiconductor layer-
forming solution, conditions for facilitating the formation of
semiconductor layer are decided by performing a preliminary
experiment. But in some cases, the energization 1s preferably
performed at a low temperature so as to prevent the deterio-
ration of the semiconductor layer-forming solution due to air
oxidation. The cathode plate disposed 1n the semiconductor
layer-forming solution 1s used as the counter cathode at the
energization and an electrically conducting material, particu-
larly, a metal fo1l or plate 1s used therefor. In the case of
simultaneously forming semiconductor layers on multiple
clectric conductors, 1t 1s preferred to locate multiple cathode
plates electrically connected to at least one power supply part
and dispose these cathode plates so that the electric power can
be uniformly distributed using the cathode plates to all of the
multiple electric conductors dipped in the semiconductor
layer-forming solution.

The semiconductor layer-forming solution may be used
after stirring 1t to provide a umiform solution or may be used
without stirring. The vessel 1n which the semiconductor layer-
forming solution 1s used may be designed to a size which
allows the semiconductor layer-forming solution to always
flow out or to a size larger than the volume of the semicon-
ductor layer-forming solution.

Inthe present invention, 1n order to repair fine defects of the
dielectric layer generated resulting from formation of the
semiconductor layer, re-electrochemical formation (when the
dielectric layer 1s not formed by electrochemical formation,
first electrochemical formation) may be performed after ener-
gization. Also, the energization and re-electrochemical for-
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mation may be repeated multiple times and the energization
conditions may be changed among repeated energization
treatments. When the energization 1s stopped, the electric
conductor 1s usually pulled out from the semiconductor layer-
forming solution and washed and dried, but after the steps of
energization—stop of energization—washing—drying are
performed multiple times, the re-electrochemical formation
step may be started. Although the reasons are not clearly
known, the mass of semiconductor sometimes increases
when energization—stop of energization—washing—drying
are repeated, compared to the case of continuously perform-
ing the energization with the same energization time. When
energization 1s performed multiple times, pores of the electric
conductor are preferably impregnated with the semiconduc-
tor layer-forming precursor before each energization or
before arbitrary energization.

The re-electrochemical formation can be performed 1n the
same manner as 1n the method described above for forming
the dielectric layer by electrochemical formation. The re-
clectrochemical formation 1s performed at a voltage of the
clectrochemical formation voltage or lower.

In the present mvention, an electrode layer 1s provided on
the semiconductor layer formed by the above-described
method or the like. The electrode layer can be formed, for
example, by solidification of an electrically conducting paste,
plating, vapor deposition of a metal, or adhesion of a heat-
resistant electrically conducting resin film. Preferred
examples of the electrically conducting paste include silver
paste, copper paste, aluminum paste, carbon paste and nickel
paste, and these may be used individually or 1n combination
of two or more thereof. In the case of using two or more
pastes, the pastes may be mixed or may be superposed one on
another as separate layers. The electrically conducting paste
applied 1s then solidified by allowing 1t to stand 1n air or under
heating. The thickness of the electrically conducting paste
alter being solidified 1s usually from about 0.1 um to about
200 um per layer.

The electrically conducting paste usually contains electri-
cally conducting powder 1n an amount of 40 to 97 mass %. If
the content 1s less than 40 mass %, the electrical conductivity
of the electrically conducting paste produced i1s small,
whereas 11 1t exceeds 97 mass %, the electrically conducting
paste may disadvantageously cause adhesion failure. The
clectrically conducting paste may be used by mixing there-
with powder of the above-described electrically conducting
polymer or metal oxide for forming the semiconductor layer.

Examples of the plating include nickel plating, copper
plating, silver plating, gold plating and aluminum plating.
Examples of the metal vapor-deposited include aluminum,
nickel, copper, silver and gold.

Specifically, for example, an electrically conducting layer
1s formed by sequentially stacking a carbon paste and a silver
paste on the electric conductor where the semiconductor layer
1s formed and thereby an electrode layer 1s formed.

In this way, a capacitor element where layers up to the
clectrode layer are stacked to form the cathode layer 1s pro-
duced.

The capacitor element of the present invention having such
a constitution 1s jacketed, for example, by resin mold, a resin
case, a metallic jacket case, resin dipping or a laminate film
and thereby can be completed as a capacitor product for
various uses. Among these, a chip capacitor jacketed by resin
mold 1s preferred, because reduction in the size and 1n the cost
can be simply attained.

As for the kind of the resin used 1n the resin mold jacketing,
known resins for use in the molding of a solid electrolytic
capacitor such as epoxy resin, phenol resin and alkyd resin
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can be employed, however, 1 each kind of resin used, low-
stress resin generally available on the market 1s preferable
because the molding stress of the resin on the capacitor ele-
ment, which 1s generated at the molding, can be mitigated.
The production machine for performing the molding with
resin 1s preferably a transfer machine.

The thus-produced capacitor may be subjected to an aging,
treatment so as to repair the thermal and/or physical deterio-
ration of the dielectric layer, which 1s caused at the formation
of an electrode layer or at the jacketing. The aging is per-
tormed by applying a predetermined voltage (usually, within
2 times the rated voltage) to the capacitor. The optimal values
of aging time and temperature vary depending on the kind and
capacitance of a capacitor and the rated voltage and therefore,
these values are determined by previously performing an
experiment, but the aging time 1s usually from several min-
utes to several days and the aging temperature 1s usually 300°
C. or less by taking account of heat deterioration of the
voltage-applying jig. The aging may be performed in the air
or in a gas atmosphere such as Ar, N, or He and may be
performed under reduced pressure, atmospheric pressure or
increased pressure, but when the aging 1s performed while or
alter supplying water vapor, the stabilization of the dielectric
layer sometimes proceeds. Examples of the method for sup-
plying water vapor include a method of supplying water vapor
from a water reservoir placed in the aging furnace by using the
heat.

As for the method of applying a voltage, an arbitrary cur-
rent such as direct current, alternating current having an arbi-
trary wavelorm, alternating current superposed on direct cur-
rent, and pulse current can be designed to pass. It 1s also
possible to once stop the application of voltage during aging,
and again apply a voltage.

The capacitor produced according to the present invention
can be preferably used for circuits requiring a high-capaci-
tance and low ESR capacitor, such as a central processing
circuit and a power source circuit. These circuits can be used
in various digital devices such as a personal computer, server,
camera, game machine, DVD equipment, AV equipment and
cellular phone, and electronic devices such as various power
sources. The capacitor produced according to the present
invention has high capacitance and good ESR performance
and therefore, by using this capacitor, electronic circuits and
clectronic devices having good performances can be
obtained.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

The present invention 1s described 1n greater detail below
by referring to Examples, but the present invention 1s not
limited to these Examples.

Example 1

By using and shaping a tantalum powder having CV (prod-
uct of capacitance and electrochemical voltage) of 140,000
uk-V/g together with a tantalum lead wire of 0.24 mm¢, a
sintered bodies 1n a size of 4.5x1.0x1.5 mm were produced
(sintering temperature: 1,300° C., sintering time: 20 minutes,
density of sintered body: 6.2 g/cm’; the Ta lead wire was
vertically embedded in the center part of the 1.0x1.5 mm face
of the sintered body while being buried 4 mm 1nside the
sintered body and protruding 10 mm outside).

On a separately prepared polyimide-made resin plate hav-
ing a length of 250 mm, a width o1 30 mm and a thickness of
2 mm (There are provided by printed wiring, on the front
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surface of the plate, a circuit connecting connection terminals
for 32 electric conductors and respective anodes of current
regulative diodes and reaching the power supply terminal in
the left side of plate, and on the back surface, a circuit elec-
trically connected only to the connection terminals for elec-
tric conductors on the front surface and reaching the power
supply terminal for electrochemical formation in the rnight
side of the plate through rectifier diodes), lead wires of the 32
sintered bodies produced above were aligned and connected
at equal intervals and 1n equal dimensions while leaving blank
a portion of 30 mm on left and right sides. After preparing 20
sheets of such a resin plate, the plates were arrayed 1n parallel
at intervals of S mm and disposed on a metal-made frame to
take the electrical connection at 15 mm on left and right sides
of the resin plate (the center parts of left and right sides of the
frame are electrically insulated from each other and the left
and right power supply terminals, the former being provided
on the front and the latter on the back of the resin plate, are
insulated). In this way, 640 sintered bodies were disposed at
equal intervals on the metal-made frame and each sintered
body was electrically connected to the left and right power
supply terminals provided on the metal-made frame through
the lead wire. By taking a string of the sintered bodies on the
metal-made frame as one lot, various operations were per-
formed as follows.

The sintered bodies excluding a part of the lead wire were
dipped 1n an aqueous 1% phosphoric acid solution and elec-
trochemically formed at 80° C. for 8 hours while applying a
voltage o1 9V between the lead wire serving as the anode and
a 'Ta cathode plate disposed 1n the aqueous solution to form an
oxide dielectric film layer comprising Ta,O.. The resulting
sintered bodies excluding respective lead wires were dipped
in a solution prepared by dissolving 30 g of ammonium
molybdate and 200 g of nickel sulfate hexahydrate in 800 g of
water and adding thereto 250 ml of 1IN ammonium hydroxide,
and electrolytically reacted at room temperature for 150 min-
utes while applying 2.2 V between the lead wire serving as the
anode and a Ta plate as the cathode disposed 1n the solution.
Thereaftter, the sintered bodies were pulled up from the solu-
tion, washed with water, dried and then subjected to re-elec-
trochemical formation at 8 V and 80° C. for 30 minutes 1n an
aqueous 0.1% phosphoric acid solution. After the completion
of the re-electrochemical formation, the sintered bodies were
washed with water and dried.

The resulting sintered body excluding the lead wire was
dipped mm a 13% ethanol solution of 3,4-ethylenediox-
ythiophene monomer, pulled up and dried at 80° C. to dissi-
pate the ethanol, thereby impregnating pores of the sintered
body with the semiconductor layer-forming precursor.

Subsequently, the sintered bodies excluding respective
lead wires were dipped 1n an electrolytic solution (semicon-
ductor layer-forming solution) comprising 20% ethylene gly-
col and water, where ethylenedioxythiophene (used as an
aqueous solution 1n which the monomer was 1n a saturated
concentration or lower) and anthraquinonesulfonic acid were
dissolved, and a direct constant current of 20 mA was passed
for 30 minutes at room temperature between the lead wire and
the negative tantalum electrode plate disposed 1n the electro-
lytic solution by utilizing the power supply terminal on the
front surface left side of the metal-made frame, thereby per-
forming energization for forming the semiconductor layer.
The sintered bodies were pulled up, washed with water, then
washed with ethanol, dried and subjected to re-electrochemai-
cal formation (80° C., 30 minutes, 8 V) for repairing LC
(leakage current)-causing fine defects of the dielectric layer
in an aqueous 1% phosphoric acid solution by utilizing the
power supply terminal on the back surface right side of the
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metal-made frame. These impregnation of semiconductor
layer-forming precursor, energization and re-electrochemaical
formation were repeated eleven times (last two energization
treatments were performed for 60 minutes). Subsequently,
the sintered bodies were washed with water and then with
cthanol and dried to form semiconductor layers. Thereatter, a
carbon paste and a silver paste were attached 1n this order on
the semiconductor layer excluding the surface on which the
lead wire was embedded, and dried to provide an electrode
layer and thereby complete the cathode part. In this way, solid
clectrolytic capacitor elements were produced.

On upper surfaces of a pair of end parts of a separately
prepared 100 um-thick copper alloy lead frame (the surface
thereol was copper-plated and further tin-plated thereon of an
average thichkness of 1 um and 7 um respectively; 32 paired
end parts each 1n a width of 3.4 mm were present and one end
part of each pair was made to have a pocket with a step of 0.5
mm for fitting therein the electric conductor on which the
clectrode layer was formed; and when coplanarly projected, a
gap of 1.0 mm was present between both end parts), cathode
part faces (the face o1 4.5 mmx1.5 mm) and anode lead wires
(partially cut and removed) of the two solid electrolytic
capacitor elements produced above were gaplessly laid by
aligning respective directions and then electrically and
mechanically connected by solidification of the same silver
paste as the one used in the cathode part for the former and by
spot-welding for the latter. Subsequently, the device was
molded with epoxy resin by transfer molding while leaving,
outside a part of the lead frame, and the lead frame outside the
resin was cut at a predetermined position and then bent along,
the jacket part. Thereatter, the jacket resin was cured at 185°
C. and then the device was subjected to aging at 105° C. and
3.5 V for 4 hours to produce 320 chip solid electrolytic
capacitors in a size of 7.3x4.3x1.8 mm.

Comparative Example 1

320 chip solid electrolytic capacitors were produced by
forming the semiconductor layer in Example 1 without
impregnating pores of the sintered body having formed
thereon a dielectric layer with the semiconductor layer-form-
Ing precursor.

Example 2

An oxide dielectric film layer comprising Nb,O. was
formed through electrochemical formation at 23 V by using a
niobium sintered body (made of powder having CV of 250,
000 uF-V/g, mitrided amount: 11,000 ppm, amount of oxygen
due to natural oxidation on the surface: 81,000 ppm, sintering
temperature: 1,280° C., sintering time: 30 minutes, density of
the sintered body: 3.4 g/cm?) and a niobium lead wire in place
of the tantalum sintered body and the tantalum lead wire 1n
Example 1. Then, a series of operations, that 1s, the sintered
bodies were dipped in an alcohol solution of 2% ethylene-
dioxythiophene, pulled up, left standing, dipped 1n an alcohol
solution of 18% 1ron naphthalenesulfonate, pulled up, left
standing at 40° C. for 30 minutes and dipped 1n alcohol, were
repeated seven times. The sintered bodies were then subjected
to re-electrochemical formation at 17 V and 80° C. for 30
minutes i an aqueous 0.1% acetic acid solution, washed with
water and dried.

Subsequently, the sintered body excluding the lead wire
was dipped 1 a 25% alcohol solution of 3,4-ethylenediox-
ythiophene monomer, pulled up and dried at 80° C. to dissi-
pate the alcohol, thereby impregnating pores of the sintered
body with the semiconductor layer-forming precursor.
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Thereatter, the energization and re-electrochemical forma-
tion (14 V) were repeated 1n the same manner as 1n Example
1 to form a semiconductor layer and furthermore, the forma-
tion ol a cathode layer and the aging (85° C., 6 V, 4 hours)
were performed. In thus way, 320 chip solid electrolytic
capacitors were produced.

Comparative Example 2

216 Chip solid electrolytic capacitors (produced from 432
capacitor elements where the semiconductor layer was rela-
tively successiully formed) were produced 1n the same man-
ner as 1 Example 2 except that the concentration of the
cthylenedioxythiophene alcohol solution used was changed
to 20%, an operation of alternately dipping the sintered body
in this solution and 1n an alcohol solution of 18% iron naph-
thalenesulfonate without turther dipping 1t 1n alcohol was
repeated 30 times to form a chemical polymerization layer on
the electric conductor having provided thereon a dielectric
layer, and the impregnation of pores of the sintered body with
a semiconductor layer-forming precursor was not performed.

The capacitance, impregnation ratio, ESR value and LC
value of each of the capacitors produced above were mea-
sured by the following methods. The measurement results
(average values) are shown 1n Table 1.

Capacitance of the Capacitor:

The capacitance was measured at room temperature and
120 Hz by using an LCR measuring meter manufactured by
Hewlett Packard, Ltd.

Impregnation Ratio:

This 1s a percentage of a numerical value obtained by
dividing the capacitance of the capacitor by the capacitance of
cach electric conductor having formed thereon a dielectric
layer as measured 1n 30% sulfuric acid.

ESR Value:

The equivalent series resistance of the capacitor was mea-
sured at room temperature and 100 kHz.
LC Value:

A predetermined rated voltage (2.5 V 1n Example 1 and
Comparative Example 1, and 4 V 1n Example 2 and Compara-
tive Example 2) was continuously applied between the termi-
nals of the produced capacitor at room temperature for 30
seconds and thereafter, the L.C value was measured.

TABLE 1
Capacitance™  Impregnation  ESR*  LC*
(LF) ratio® (%) (m&2)  (pA)
Examples 1 1200 92 5 34
2 464 93 12 30
Comparative 1 1110 83 9 38
Examples 2 370 74 29 42

*In Examples 1 and 2 and Comparative Example 1, an average of 320 capacitors.
In Comparative Example 2, an average of 216 capacitors.

As seen from comparison between Example 1 and Com-
parative Example 1 and between Example 2 and Comparative
Example 2, when pores are impregnated with the semicon-

ductor layer-forming precursor before energization for form-
ing the semiconductor layer and the concentration of semi-
conductor layer-forming precursor in pores 1s rendered
higher than the concentration of semiconductor layer-form-
ing precursor 1n the electrolytic solution, a capacitor exhibait-
ing a good capacitance appearance factor and a low ESR
value can be obtained.

INDUSTRIAL APPLICABILITY

The present invention provides a method for producing a
capacitor comprising, as one electrode, an electric conductor
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having pores and having formed on the surface thereof a
dielectric layer and, as the other electrode, a semiconductor
layer formed on the electric conductor by energization 1n an
clectrolytic solution, the method comprising impregnating
pores with a semiconductor layer-forming precursor before
energization to render the concentration of semiconductor
layer-forming precursor in pores higher than the concentra-
tion of semiconductor layer-forming precursor in the electro-
lytic solution.

According to the present invention, a good capacitance
appearance factor can be achieved and therefore, a capacitor
having a good capacitance appearance factor and a low ESR
can be obtained.

The mvention claimed 1s:

1. A method for producing a capacitor comprising, as one
clectrode (anode), an electric conductor having pores and
having formed on the surface thereof a dielectric layer and, as
the other electrode (cathode), a semiconductor layer formed
on the electric conductor from a semiconductor layer-form-
Ing precursor by energization in an electrolytic solution, the
method comprising passing an electric current through the
clectrolytic solution to form the semiconductor layer on the
clectric conductor by energization 1n the electrolytic solution
in a state in which the concentration of the semiconductor
layer-forming precursor in the pores of the electric conductor
1s higher than the concentration of semiconductor layer-form-
ing precursor 1n the electrolytic solution.

2. The method for producing a capacitor as claimed in
claim 1, wherein the electrolytic solution 1s an electrolytic
solution not containing a semiconductor layer-forming pre-
CUrsor.

3. The method for producing a capacitor as claimed in
claim 1, wherein the electric conductor 1s at least one member
selected from ametal, an inorganic semiconductor, an organic
semiconductor and carbon or a mixture thereof.

4. The method for producing a capacitor as claimed in
claim 1, wherein the electric conductor 1s a laminated body
having, as the surface layer, at least one member selected
from a metal, an morganic semiconductor, an organic semi-
conductor and carbon, or a mixture thereof.

5. The method for producing a capacitor as claimed in
claim 1, wherein the electric conductor 1s tantalum having a
CV value of 100,000 uF-V/g or more.

6. The method for producing a capacitor as claimed 1n
claim 1, wherein the electric conductor 1s niobium having a
CV value o1 150,000 uF-V/g or more.

7. The method for producing a capacitor as claimed in
claim 1, wherein the electric conductor has a size of 5 mm- or
more.

8. The method for producing a capacitor as claimed in
claim 1, wherein the electric conductor has a foil shape and
the depth of pore formed by etching 1s 200 uM or more.

9. The method for producing a capacitor as claimed in
claim 1, wherein the dielectric layer mainly comprises at least
one member selected from metal oxides such as Ta,O.,
Al,O,, T10, and Nb,O..

10. The method for producing a capacitor as claimed 1n
claim 1, wherein the semiconductor layer-forming precursor
1s at least one member selected from an aniline derivative (raw
material of polyaniline), a phenol dervative (raw material of
polyoxyphenylene), a thiophenol derivative (raw matenal of
polyphenylene sulfide), a thiophene derivative (raw material
of polythiophene), a furan derivative (raw material of poly-
turan) and a pyrrole derivative (raw material of polypyrrole or
polymethylpyrrole).

11. The method for producing a capacitor as claimed 1n
claim 1, wherein the semiconductor layer-forming precursor
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1s a compound which 1s oxidized or reduced by energization
and becomes an 1morganic semiconductor.

12. The method for producing a capacitor as claimed in
claiam 1, wherein the semiconductor layer 1s at least one
member selected from an organic semiconductor layer and an
iorganic semiconductor layer.

13. The method for producing a capacitor as claimed in
claim 1, which further comprises impregnating the pores of
the electric conductor with a semiconductor layer-forming,
precursor before energization, immersing the impregnated
clectric conductor 1nto the electrolytic solution, and then
passing an electric current through the electrolytic solution to
form the semiconductor layer on the impregnated electric
conductor by energization in the electrolytic solution 1n a
state 1n which the concentration of the semiconductor layer-
forming precursor in the pores of the electric conductor 1s
higher than the concentration of semiconductor layer-form-
ing precursor in the electrolytic solution.

14. The method for producing a capacitor as claimed in
claim 3, wherein the electric conductor 1s a metal or alloy
mainly comprising at least one member selected from tanta-
lum, niobium and aluminum, or a niobium oxide.

15. The method for producing a capacitor as claimed in
claim 10, wherein the semiconductor layer-forming precur-
sor 1s pyrrole or 3,4-ethylenedioxythiophene.

16. The method for producing a capacitor as claimed in

claim 12, wherein the organic semiconductor 1s at least one
member selected from an organic semiconductor comprising
benzopyrroline tetramer and chloranil, an organic semicon-
ductor mainly comprising tetrathiotetracene, an organic
semiconductor mainly comprising tetracyano-quin-
odimethane, and an organic semiconductor mainly compris-
ing an electrically conducting polymer obtained by doping a
dopant into a polymer containing a repeating unit represented
by the following formula (1) or (2):

(1)

- .
/
X
|
RS
B _ (2)
R! RZ
N X__
|
RS
R’ R*

wherein R' to R* each independently represents a hydrogen
atom, an alkyl group having from 1 to 6 carbon atoms or an
alkoxy group having from 1 to 6 carbon atoms, X represents
an oxygen atom, a sulfur atom or a nitrogen atom, R° is
present only when X 1s a nitrogen atom, and represents a
hydrogen atom or an alkyl group having from 1 to 6 carbon
atoms, and each of the pairs of R' and R*, and R~ and R* may
combine with each other to form a cyclic structure.

17. The method for producing a capacitor as claimed in
claim 12, wherein the inorganic semiconductor 1s at least one
compound selected from molybdenum dioxide, tungsten
dioxide, lead dioxide and manganese dioxide.



US 8,026,137 B2

17

18. The method for producing a capacitor as claimed 1n
claim 12, wherein the electrical conductivity of the semicon-
ductor is from 107* to 10° S/cm.

19. The method for producing a capacitor as claimed 1n
claim 16, wherein the electrically conducting polymer con-
taining a repeating unit represented by formula (I) 1s an elec-
trically conducting polymer containing a structure unit rep-
resented by the following formula (3) as a repeating unait:

(3)

wherein R® and R’ each independently represents a hydrogen
atom, a linear or branched, saturated or unsaturated alkyl
group having from 1 to 6 carbon atoms, or a substituent for

forming at least one 3-, 6- or 7-membered saturated hydro-
carbon cyclic structure containing two oxygen atoms when
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the alkyl groups are combined with each other at an arbitrary
position, and the cyclic structure includes a structure having a
vinylene bond which may be substituted, and a phenylene
structure which may be substituted.

20. The method for producing a capacitor as claimed 1n
claam 19, wherein the electrically conducting polymer 1s
selected from polyaniline, polyoxyphenylene, polyphe-
nylene sulfide, polythiophene, polyturan, poly-pyrrole, poly-
methylpyrrole, and substitution derivatives and copolymers
thereof.

21. The method for producing a capacitor as claimed 1n
claim 20, wherein the electrically conducting polymer 1s poly
(3,4-ethylenedioxythiophene).

22. A capacitor produced by the production method
claimed 1n claim 1.

23. The capacitor as claimed in claim 22, wherein the
impregnation ratio of the semiconductor 1s 90% or more.

24. An clectronic circuit using the capacitor claimed 1n
claim 22.

25. An electronic device using the capacitor claimed 1n
claim 22.
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